Searching for livestock production systems with a high energy utilization is of interest because of resource use andpollution aspects and because energy use is an indicator of the intenstjication of production processes. Due to interactions between crop and livestock enterprises and between levels of dtflerent input factors and their eflects on yields, it is proposed to analyze agricultural energy utilization through system modelling of data from farm studies. Energy use in small grains, grass-clover andfodder beets registered in organic and conventional mixed dairy farms was analyzed and used together with crop yields in order to model energy prices on three Danish soil types. Conventional crop yields were higher but they also used more indirect energy with input factors, especially fertilizers. The conventional yields were not suficiently higher to compensate for the extra use of energy compared with the organic crops. The organic crops had lower energy prices on all soil types, with the smallest dtflerence on irrigated sandy soils. Sensitivity analyses were made for the effects of changes in irrigation and fertilizer levels. One conclusion was that better energy utilization in grain crops might be found at intermediate levels offertilizer use, especially on irrigated soils. Actualfarm diesel use was on average 47% higher than expected from standard values, suggesting that care should be taken when basing energetic analysis of farming methods on experimental data alone. On the same farms, the energy use in firy production registered in organic and conventional mixed dairy farms was analyzed and used together with milk and meat yields in order to model energy prices for three direrent feeding strategies and two soil types. Conventional dairy production is more intensive with a greater feeding ration and a higher proportion of high-protein feed, but has also higher yields. The conventional yields were not suficiently higher to compensate for the extra use of energy compared with the organic feeding ration. However, the lower energy price in organic dairy production is dependent on the composition of the feeding strategy. Substitution of 5OOSFU of grain with grass pellets makes an ordinary organic feeding ration based on conventional crop production competable. In general, the crop energy price models can be used together with the dairy production to model the eflects of direrent feeding and crop rotation strategies on the overall energy utilization in mixed dairy production systems. 0
INTRODUCTION
Today's agricultural production relies heavily on the consumption of nonrenewable fossil fuels. Consumption of fossil energy results in direct negative environmental effects through release of CO2 and other combustion gases. Indirectly, there have been positive effects: increased yields and reduced risk. Yet large amounts of cheap fossil energy have indirect negative impacts on the environment, such as less diversified nature through the intensification of agricultural practices. Thus, looking for agricultural production methods with a higher energy productivity is as topical today as it was some 20 years ago (Pimentel et al., 1973) . According to the Brundtland Commission, the total consumption of energy has to be reduced 50% before 2035.
To cite Giampietro et al. pp. 30 (1994) "In agriculture, energy analysis can be used to assess the impact of human activity on the complexity and stability of environmental equilibria in terms of alteration of patterns of energy flows."
We use fossil energy utilization analysis to evaluate the energy conversion and resource use of different mixed dairy production systems in Denmark. The total direct and indirect energy use in the primary agricultural sector alone (i.e. to the farm gate) was about 18% of the total energy consumption in Denmark in 1982-83 (Parsby and Fog, 1984) .
It is not obvious how the energy utilization would be influenced by a change in production intensity, as reduced yields might counterbalance any energy savings from reducing external inputs. Wagstaff (1987) suggests on the basis of a literature review "that within mechanised farming in industrialized countries it is unlikely that substantial energy savings would result solely from a reorientation towards systems characterized by lower external current inputs." The use of fertilizers and pesticides, for instance, has an impact on fodder crop yields as well as indirect energy consumption (fossil fuel used for their manufacturing). As most dairy farms are net fodder importers, any shift in crop yields has consequences for the fodder importanother source of indirect energy-as well as the crop rotation. Any restrictions imposed in a part of a farming system might be substituted for in other parts of the system by the farm manager. Therefore, it is an interesting and complex question whether less intensive dairy farming systems are more energy efficient than conventional systems.
Because of the interactions between crop and husbandry enterprises, we find that these questions might best be researched by systems modelling (Sorensen and Kristensen, 1993 ) based on studies of private farms. To facilitate modelling of different strategies, separate models for crop and livestock production are developed.
Organic farming was developed by farmers concerned about resource utilization and environmental effects. Pimentel(1993) and Pimentel et al. (1983) have proposed that organic production methods have a better energy utilization in many crop enterprises (e.g. in wheat and maize). Therefore, these might be feasible critical cases for the study of less intensive farming methods.
The aim of this paper is, on the basis of farm studies:
1. to analyze and model the energy consumption and productivity in organic and conventional cropping and dairy systems; 3 _. to discuss different strategies to improve the energy utilization in crop and husbandry production systems.
METHODS AND MATERIALS

Principles for energy utilization
Similar to the economist's cost, energy carries a price tag. It has an actual or potential use as a resource and, by using it, one incurs an opportunity cost, in the sense that one cannot use the resource in another way. This implies a concern for resource depletion. Here, we exclude the vast energy flux of the sun. Not because of usefulness, but because no stock is depleted: no opportunity cost is incurred (Leach, 1976) . The two major substitutes for fossil energy in agricultural production are solar and human energy. The sun and the fossil fuels differ in their patterns of scarcity. Radian-energy from the sun is practically infinite in total amount (stock), but it is strictly limited in its flow rate. Conversely, energy stored in fossil fuels and minerals is strictly limited in its total amount in a very long perspective (stock), but relatively unlimited in its flow rate-that is, we can use it up at a rate largely of our own choosing (Daly and Cobb, 1989 ).
Solar energy is indirectly brought into the agricultural production system through crop production, with land acting as a solar collector. The highest quality soils require less human and fossil energy inputs per unit of food produced than the poorer soils. Yet food production can be increased markedly in the short term by investing more energy (Jones, 1989; Hall et al., 1992; Pimentel et al., 1994) .
The other substitute for fossil energy is human energy or labour, but this input is hard to convert to energy figures for obvious reasons. Energy costs might include energy for food for the specific work done and for the maintenance of the body. One might also include other needs for labour as a member of society. Moreover, labour contributes not only with physical work but also with intellectual work, which is difficult to quantify (Nielsen and Rasmussen, 1977; Pimentel, 1980; Jones, 1989) . Labour and fossil energy are too different to be handled with the same term, and therefore labour energy is not included in our analysis.
In our study, we use process analysis (Fluck, 1992) , which is defined as the evaluation of both direct energy inputs and all indirect energy inputs (Fig. 1) . The direct energy refers to the fuel burned at the site of production, corresponding to the items inside the farm borderline (Fig. 1) . The indirect energy refers to fuel burned in other sectors to manufacture the materials purchased and used as inputs at the site of production (e.g. energy for production of mineral fertilizer), corresponding to the items outside the borderline of Fig. 1 .
The more indirect the energy cost becomes for the farm, the smaller the contribution to the total energy cost of the agricultural product. Setting the right system boundary is difficult. What about the energy used for the production of the inventory used at the fertilizer plants, for instance? In general, roughly half of the embodied energy of a good or service is used at the site of production (Hall et al., 1992) . Nielsen and Rasmussen (1977) report that the last two stages of a production process in general will cover more than 90% of total fossil energy input. Therefore, to avoid this infinite regression we only include the indirect energy costs one step backwards from the farm. Even though the energy used to manufacture capital goods for producing farm inputs thus is excluded, our study will presumably cover over 90% of the energy used in the whole production process.
The energy price
Energy price is the quantity of energy required per unit yield for a given agricultural product. It is proposed as a measure for the utilization of energy in industrialised agricultural systems (Fluck, 1979) . The resource use is related to the quantity of output from the production system as a measure for the utilization of fossil energy. Measuring the output in human feed units is not straightforward because of the disparate qualities of the food produced.
Data
Data on 14 organic and 17 conventional farms affiliated with the Danish Institute of Animal Science were recorded during the 2-year period from 1 May 1990 until 30 April 1992 for the direct energy input. Yields and input quantities were registered during the 4-year period from 1 May 1989 until 30 April 1993.
All farms have dairy production (except two organic farms with beef cattle) as the main enterprise, combined with grain production. Organic farms meet the Danish organic regulations prohibiting the use of chemically produced fertilizers and pesticides. Non-organically produced fodder, only of Danish production, is limited to 15%, and organic animal manure is applied from, at most, 1.4 livestock units ha-' year-'.
The goal of data collection is to describe the triple flow of energy, nutrients and money on each farm. Information is collected at farm, herd and crop level. Data are collected from biweekly visits recording fodder consumption over a 24-h period, stocks assessments, farm purchases, and sales and input for crops. All registered inputs and yields are checked yearly against the farms accounts, and any private consumption of diesel and electricity is separated from the amounts used in the production. A detailed description of each farm's production system and yield during the working years is presented in yearly publications (Ostergaard, 1990 (Ostergaard, , 1991 Kristensen and IZlstergaard, 1992; Kristensen, 1993) .
There are some differences between organic and conventional farms regarding soil type and partition of crops and livestock units per hectare, (Table 1 ). The number of livestock units per hectare is 40% greater on conventional farms due to difference in breeds and fattening of bull calves. The area with fodder beets and whole crop silage from small grains is higher on conventional farms, whereas the organic farms have more grass-clover in rotation, including 9% lucerne. The crops on the remaining area are different types of cereals (including about 10% winter cereals) and other cash crops such as potatoes and rape seed. The proportion of grass-clover harvested for silage is on average greater on the organic farms; but the area of permanent pasture is nearly identical for the two farming systems (1 l-12%).
The organic dairy farms sell on average a larger proportion of animal products compared with plant products than conventional dairy farm-a result of the production rules for the organic system. 
System modelling
Simple relations between the level of individual input factors, cultivation methods or feeding strategy, and energy utilization across farms cannot be expected because different input factors and methods may substitute for each other. Furthermore, the inputs, yields and energy prices are a consequence of complex relations between management and biological processes. Because of the unbalanced partition of soil types and irrigation between the organic and conventional farms, we cannot correct for soil type and irrigation by statistical means. Therefore, models of energy use in five conventional and organic crops on three soil types are developed as illustrated in Fig. 2 .
For each crop model, we analyze the input for the effect of production system and soil type. The term 'soil type' includes three classes: (1) clay soils and (2) sandy soils with and (3) without possibility for irrigation as defined in Halberg and Kristensen (in press ). Further, we test for the dependency of manure type, harvesting method and yield quantity.
Since the data from the 2 (the data concerning use of direct energy, inventory and buildings) and 4 (the data concerning biological input and output) working years on the same farm are assumed not to be statistically independent, the analysis is performed using average data for each farm. Structure for the modelling of energy utilization in plant production and milk production systems.
The main elements for the crop models are illustrated in Fig. 2 as the parts related to Mplanr. The main elements for the milk production are shown as the parts related to Mmi/k.
1. Aplant + Amilk: standard fossil energy costs for each agricultural input based on literature studies and personal communication. 2. &ant: expected quantity of machines used for each field operation and crop enterprise. 3. Bmilk: expected quantity of buildings and installations used for each milk producing unit (MPU). 4. C&z?& expected quantity of electricity and diesel used for the plant production. 5. Cmi/,+: quantity of electricity left for the milk production. 6. C&an,+ . correction factor for diesel. 7. &arm: registered quantity of electricity and diesel used on each farm. 8. Eplant: predictions of physical quantity of input and outputs for single organic and conventional crop enterprises, modelled on the basis of registrations on the farms. 9. Emilk: predictions of physical quantity of input and output for dairy production systems derived from the model SIM-COW. lo. &ant: registered yields in crop production. 11. ~planr: model for calculating the energy utilization for plant production. 12. Mmi,k: model for calculating the energy utilization in milk production.
A plant + Amilk
The calculations are based on information about real consumption of primary and secondary energy 'carriers', mainly coal, oil and electricity in the agro-industrial complex.
The energy used for the manufacture of the single crop inputs is calculated on the basis of an average quantity of energy per quantity of farm input for the most important manufacturing firms. tt § For some items, however, several tMinera1 nitrogen composes the major part of the indirect energy cost for the conventional cropping systems and has an energy cost of 38 MJ kg-] in our models (Refsgaard, 1992) . This is a low figure compared with Schroll (1994) but according to Parsby and Fog (1984) and Fluck (1992) there has been a great improvement in the energy productivity, and the practical minimum has nearly been reached in the processes used in Western Europe today, especially in Norway (Bsckman et al., 1991). *Phosphorus is also an energy expensive input, but because the quantity used is small compared with nitrogen the importance is negligible. SInvestigations by Refsgaard (1992) showed an average of 0.21 MJ kg-' limestone, which is only 10% of the value used by Nielsen and Rasmussen (1977) . similar inputs exist, produced with different technology, at different factories, at different geographical places, or in joint production with other products. Resource constraints vary greatly between countries, and what is economically 'efficient' in one place may not be in another (Leach, 1976) . Where production of inputs occurs at different places, National Account Statistics are used to estimate the energy use for transport with respect to quantity. If joint production processes occur and the energy input for every specific product cannot be found, and no typically main product exists, then the energy cost for, say, feed is distributed with respect to the feeding value. If a typical main product exists, then the by-products are given only the extra cost they lend to. Further details can be found in Refsgaard (1992) .
The energy use differs according to transport medium. For example, the energy use for big container ships is about 2% of the energy use for trailers.7
Two principles have been used to calculate energy cost related to machine equipment. We use energy cost per kilogram machine11 multiplied by the machine weight and distributed with regard to lifetime and use.**++ Machines for establishment, sowing and maintenance of the crop with a few exceptions are assumed to be owned by the farmer. For machines and tractors used for harvesting and transport of yields it is assumed (according to the praxis for our case farms) that contractors are hired, and the average use for a specific enterprise is calculated with respect to the total lifetime in hours.
TBig container ships use about 0.04 MJ t-' km-1 while trailers use 1.9 MJ t-r km-r (Andersen, personal communication;
Hansen, personal communication; Jensen, personal communication; Jorgensen, personal communication; Krejbjerg, personal communication; Danmarks Statistik, 1990a, b) . lIThe energy cost for inventory of 91.8 MJ kg-' is based on numbers from Smil et al. (1983) and includes both energy sequestered in manufacturing and energy for repair of farm machinery. **The standard numbers for weight and lifetime for each machine type were collected from Nielsen (personal communication) and Kjeldahl (personal communication). The average indirect energy used for a specific enterprise was then calculated with respect to lifetime in years (from 10 to 15) and with respect to total driven acreage with that machine. For the tractors, the total lifetime was measured in hours and the average use for each crop enterprise was calculated on the basis of working capacity for machine operations. ttThis principle has also been used by Steinhart and Steinhart (1974) Smil et al. (1983) and Bowers (1992) while Leach (1976) and Nielsen and Rasmussen (1977) related an energy cost to monetary values and then multiplied with the sales price. However, using the weight as the basis follows the principle used for the other energy inputs in our investigation. According to Bowers (1992) the energy cost is primarily related to the amount of steel in a product. Excluding the principle with energy cost related to monetary value also leaves problems with real price out of matter.
The energy use for buildings and installations were based on standard numbers for demand for room and materials.12
For the direct energy costs, modified standard coefficients are used to distribute an expected quantity of diesel oil and electricity to each registered field operation within the different enterprises.55
The standard coefficients for the diesel consumption in field operations are generally correlated with the area. However, harvesting and transport of crop inputs and yields with a low content of dry matter is correlated with the gross quantities (Nielsen, 199 l) . TT An expected quantity of electricity is calculated to be used in the crop system for irrigation and drying of crops. Energy used for irrigation is correlated with the quantity irrigated. The minor part used for drying of crops is correlated to the quantity, the moisture content of grain, the drying temperature and the silo type (Pick et al., 1989) .1111
The diesel consumption for handling of animal manure is directly correlated to quantity and related to type of manure, machine type and farm size.*** The effect of production system is to be seen through the type and composition of manure used in each crop enterprise.
CFp~anr + CmiIk + ofarm
For every farm, a correction factor (CF) is calculated to balance the registered quantity of diesel oil, Or,,,,,, to the sum of the expected quantities calculated from standard values for the single enterprises. An average CF over all farms is thereafter multiplied by the sum of the calculated diesel used in the models to give the input 'diesel not accounted for' in each crop.
itThe energy use for buildings and installations was based on Nielsen and Rasmussen (1977) . They used 952 kWh corresponding to 3427MJMPU'. The numbers were based on the energy values for the single items used for building materials. @The numbers are mainly based on Pick et al. (1989) , Nielsen (1991) , Nielsen and Larsen (1991) and Birkjrer, Hay and Schisnning-Madsen (personal communication).
The modifications are done with respect to the registered yield quantities, manure quantities, field distances, irrigation conditions, drying facilities, machine facilities for delivery of manure, use of machine entrepreneurs and some atypical crop operations on the study farms. TTAll transport of crop yields and manure is multiplied by a transport correction factor of 1.06 corresponding to an average field distance of 750 m. llllFor drying grain from 18% down to 14% moisture content, our assumption is 14.5MJ 100 kg-' (Jakobsen, personal communication;
Nielsen, personal communication). ***The factor for handling manure is assumed to be 0.41 litre tt' manure for fluid manure corresponding to an average for machine entrepreneurs, 1.05 litre ttr for handling dry manure, and I.11 litre t-' for handling dry composted manure corresponding to an average for the analyzed farms (Kjeldahl, personal communication; Nielsen, personal communication) .
An average remaining quantity of the registered quantity of electricity, of,,,> after subtracting the expected quantity of electricity for drying and irrigation is calculated (named 'electricity rest') and assigned to the milk production, Cmilk, where the larger part of the farm's electricity consumption occurs, differing according to number of milk producing unit, (MPU) where 1 MPU corresponds to 1 yearcow + 1 heifer.
E plant + Fpm
Predictions of physical input and output for single organic and conventional crop enterprise models are based on the farm registrations. Each input item is checked statistically for systematic differences between soil type and farming system, and the models are designed accordingly. Thus, for instance, the fertilizer and pesticide levels in conventional crops are not significantly different on clay and sandy soils while there are differences in the amounts of manure applied to organically and conventionally grown crops. Crop yields, Fplant, are analyzed by Halberg and Kristensen (in press ) to test for dependency of farming systems, soil types and a regression variable expressing climatic differences. Farm-specific and crop-specific values of the regression variable are estimated using a crop growth simulation model to simulate potential yields for each farm and year. This way, differences between farms and years in water supply (precipitation and soil water retention capacity), temperature and radiation are corrected (Halberg and Kristensen, in press) . From the regression equations, organic and conventional crop yields are predicted for clay soils and for sandy soils with and without irrigation.ttt Emilk Differences in yield between organic and conventional dairy herds can be explained by known principles about the relationships between breed, stable, feeding and yield for a given herd (Kristensen, 1995; Kristensen and Kristensen, in press ). It was concluded that the only general difference was due to feeding. ittAt a given input level, the energy productivity depends on the yields. The conventional crop yields and the differences between soil types are comparable with field trial gross yields on the National Institute of Plant Science experimental stations (Halberg et al., 1995) . Moreover, it is concluded that the yield differences between organic and conventional crops are generalizable within Danish mixed dairy farms. The actual yield on a given farm depends, however, on factors not accounted for in the models, for instance the farmer's skill. Thus, a certain variation in energy productivity exists within conventional as well as organic crops and within years as a consequence of yield variations. A 10% higher spring-sown grain and grass-clover yield on irrigated soils for instance would also increase energy productivity 10% assuming unchanged input but would not, however, change the relation between organic and conventional systems.
A4 plant
The main elements Ap~ant, Bplanf, Cp~ant, CQant, LQant, Ep~ant, and &W are used to synthesize the model Mplanr for the composition of energy and production of yields in different cropping systems. The composition of the direct energy is shown first, then the composition of the indirect energy. The total energy input measured in megajoules is then related to the crop yield. Energy price is calculated as total energy input in megajoules per unit of output (kilogram or Scandinavian Feed Unit, where 1 SFU in fodder beets or silage corresponds to the feeding value for cows of 1 kg barley).
Amilky Bmilk, cmi/ky Dmilky Emilk and Implant are used to synthesize models, Mmi/k, for the composition of energy and production of yields in different milk production systems. The models show the direct energy use, the composition of the indirect food, and the energy used for buildings. The energy price for milk production is calculated as total fossil energy input divided by total yield quantity in kilograms or Scandinavian Feed Units.
RESULTS
Energy utilization in the crop enterprises
Tables 2-4 show separate models for three crop types on the three soil types. In addition, the energy price for winter-sown grain and whole crop silage is shown. Diesel use for spring-sown grain production (Table 2) is almost equal in the two systems. In organic production, more diesel is used in total for the handling of manure, especially because dry manure requires more energy to handle. The term 'maintenance' of the organic grain crop includes weed harrowing; while in the conventional system, diesel is used to spread fertilizer and pesticides. 'Diesel not accounted for' comprises 47% of total diesel use calculated from standard values (see Discussion). The fertilizer supply in conventional spring-sown grain crops was not significantly dependent on soil types and is the main reason for a higher total energy use compared with organic crops in the models. Energy costs for machines are almost equal in the two systems and on non-irrigated soils comprise 19 and 30% of total energy costs in conventional and organic crops, respectively. Though the yields are 70& 1100 kghaa' (21-25%) higher in conventional grain production than on organic farms, the energy price is also higher in conventional production on all soil types (G-22%), with the smallest difference on irrigated sandy soils.
Organic grown crops require less fossil energy than the conventional crops on the same soil type in all models. Though yields are also lower for all crops in the organic system, the yield differences are smaller than the difference in energy input. For instance, the total energy costs in conventional clover-grass crops on clay and non-irrigated sandy soils are three to four times higher than in organic crops (Table 4 ). Yet conventional clover-grass yields are only 15% higher than organic, with a tendency for a greater difference on irrigated sandy soils, while the energy price is two to three times higher than the corresponding organic crops.
On conventional farms, a large part of the energy input comes from fertilizers, and this is the main reason for a higher total energy use compared with organic crops. In conventional fodder beet crops (Table 3 ) and clovergrass crops (Table 4) , fertilizers comprise 25-29% and 48-68% of total energy costs, respectively, and 27-33% in spring-sown grain crops (Table 2) . On clay and sandy soils regularly supplied with manure, the yield responses are not sufficient to give the same energy cost as in organic crops.
The different types and amounts of manure in the conventional and organic crop models are not coincidental and reflect the higher stocking rate on conventional farms and the preference for deep litter stables and compost on the organic farms. The organic winter-grain and clover-grass crops (Tables 2  and 4 ) are supplied more manure than the conventional crops, reflecting the high fertilizer amounts applied to these crops and the generally higher nitrogen price expectations for manure not worked into the soil. Therefore, in the organic system the energy use arising from manure application is significantly higher for the two crops than in the conventional system. In Fig. 3 , the differences between the production systems for the five crop enterprises on the three soil types are presented. We see that:
1. the organically grown crops have in general a lower energy cost price than the conventional grown crops for each soil type and enterprise; 2. the crops are ranked differently according to energy prices within the two production systems; 3. in general, the clay soils show the lowest energy price and the irrigated sandy soils the highest energy price within each enterprise and production system; 4. conventional grain crops-including whole crop silage-are the only crops where energy price is lower on irrigated sandy soils than on nonirrigated sandy soils. Irrigation increases energy costs equally in organic and conventionally grown crops. Since the yield increase for non-irrigated sandy soils is highest in conventional crops, the difference in energy price between systems is smaller on irrigated sandy soils. The high potential yields on irrigated soils, assuming unlimited plant nutrient supply, are better utilized on conventional farms with access to mineral fertilizers, including the micro-nutrients that often are lacking on sandy soils.
In the conventional system, the fodder beets have the lowest energy price, while in the organic system clover-grass shows a significantly lower energy price than all other crops. However, this ranking depends on the proportion of the clover-grass crop harvested for silage, while this process is energy demanding. There are both direct and indirect energy cost related to the harvesting process. A change from about 50% harvested to 100% harvested and 100% grazed changes the energy price from 2.01 to 2.43 and 1.51 MJ SFU-' on clay soils in the conventional system and from 068 to 1.11 and 0.12 MJ SFU-' in the organic system (Table 4) . Whole crop silage has almost the same energy price as spring-sown grain crops on clay and irrigated sand when the field is assumed to be grazed afterwards (Table 4) . Table 5 show models for three different feeding rations for dairy production and the interactions between fodder quality and the need for purchased feed based on crop production on clay and irrigated sandy soils. The feeding Kristensen (1995) and Kristensen and Kristensen (in press ) for details concerning yield as a function of feeding system. L' ECM = energy corrected milk. "Meat production is converted to milk on energy basis (10: I).
Energy utilization in the milk enterprises
strategy in the organic and in the conventional production was significantly different with regard to the composition of the feeding ration and the yields. The direct energy cost covering electricity is equal for all models because it is a residual with no significant differences in the crop models. Using the farms own fodder is in general 'cheaper', from less than 1 MJ SFU' in the organic system to 2.3 MJ SFU-' for conventional grown grain, than using imported fodder, which costs 4-6MJSFUt.
The only exception is grass pellets, where the energy cost can rise up to about 20MJSFU-'-however, the major part of that energy is used outside the farm. Though yields are lower for the models with an organic feeding strategy, the energy prices are still better for the organic systems except when using grass pellets.
For clay soils, a diversified organic feeding strategy with a high quantity of 'cheap' organic grass and a low quantity of imported fodder results in an energy cost of 2.16 compared with 3.34 for a diversified conventional production. A hypothetical conventional feeding ration with the same composition as a diversified organic one improves the energy price for conventional farms to 2.88 MJ SFU-'.
Comparing the energy prices from milk production based on crops grown on clay soils with those numbers from irrigated sandy soils (2.663.63), it is obvious that not only feeding composition and production system but also soil type has a great impact on the energy utilization.
DISCUSSION
The restrictions on inputs in organic farming create a greater interdependency between the crop and the milk enterprise, resulting in fewer possibilities for the farmer to compose a feeding ration than in conventional farming. By conversion from conventional to organic production, it is possible for the conventional farmer to improve his energy utilization. Nielsen and Rasmussen (1977) calculated the energy prices for several Danish farm enterprises in the middle of the 1970s. Comparing our model for spring-sown grain on clay in the conventional system with the Nielsen and Rasmussen calculations for barley, the major difference lies in the manufacturing of mineral fertilizer, where the energy consumption apparently has been halved since their calculation in the 1970s. The composition of the energy use in conventional milk production divided between direct energy, indirect energy for fodder and indirect energy for buildings is similar to the model from Nielsen and Rasmussen (1977) . However, the energy cost for each input is lower and the quantity of input and output is higher for our models. Particularly, the energy cost for concentrated feed, covering 27% of the total energy in the models from Nielsen and Rasmussen, has been lowered.
Comparison with other investigations
A study by Bonny (1993) from France, in which the energy inputs and energy costs are visible, showed that French wheat production has improved energy utilization over the last 35 years. The result is a little higher energy price than the results from our study, primarily due to a higher energy consumption in mineral fertilizer manufacturing.
Studying farms in England and Wales, Vine and Bateman, 1981 (p. 113) found that "in terms of efficiency of energy use (measured by output per & energy) organic farms and conventional farms are roughly on a par with a tendency if anything for organic farms to perform better". Pimentel et al. (1983) calculated that organic corn and spring wheat production would be 29-70% and 3547% more energy efficient, respectively, than in conventional production systems.
Pimentel (1993) estimated higher energy input to conventional potato and maize production compared with organic production, mainly because of fertilizer energy costs being six times higher than the cost of supplying manure in the organic system. Since organic maize yields were assumed to be higher than conventional, the energy utilization naturally was better. Unfortunately, the relation between input factors and yields was not established using data from the same sources.
Since the core of the discussion here is actually the relation between levels of input and levels of yields, we suggest examining the question using datasets where the actual yields have been registered for specific input levels and combination of inputs, especially for the dairy production. Moreover, the yields for this type of model should be registered in environments reflecting most of the limits imposed by the overall system or production method investigated (i.e. crop rotation, fertilization and cultivation practices for the plant production; stable system, soil type and herd type for the dairy production).
A comparison of energy utilization between countries is difficult, because of differences in the climatic and technical conditions, as well as crop rotations affecting the amounts of inputs and the yields. Any broader interest in our results might be:
1. the methodological aspects of this work (i.e. systems modelling); 2. whether the results confirm the idea that energy costs can be lower in farming systems with low external input even if we have to accept lower yields.
The correction factor
On average, the farms used 47% more diesel in farm production than expected from the standards. This presently unexplained consumption varies between farms but there is no clear correlation with system. Therefore, the modelized diesel consumption for soil preparation, manuring, harvesting and other machine operations are multiplied by the factor O-47 to give the item 'diesel not accounted for' in Tables 24. Naturally, standards cannot be expected to fit directly with observations from practice, so a confidence interval must be allowed. However, the systematic underestimation of real diesel consumption is problematic. Thus, the large CF indicates that one should be careful when basing crop energy productivity models on standard values only.
Many of the standards are based on measurements of specialized plant production farms or experimental stations. However, more intense use and less repair of machines on dairy farms than on plant production farms may result in machines with a larger diesel consumption per operation and hectare (Birkjaer et al., personal communication) . The weather conditions also mean a great deal for energy consumption (Kristiansen and Nielsen, 1986) . The busy dairy farmer might be forced to operate under worse weather conditions than is assumed when establishing standard values.
Moreover, on a farm there will always be some amount of diesel which cannot be assigned to a special enterprise. Since in our models all the diesel is assigned to the crop enterprises, this might explain a part of the difference between the registered and the expected consumption of energy. The use of small diesel trucks for the reloading of feedstuffs when feeding the animals might, on some farms, consume a significantly higher amount of diesel than expected from the standards used. In which case, the grain crops in our models have too high energy price, because the diesel not accounted for is divided among all crops in proportion with standard diesel use. On some farms, large amounts of straw are handled throughout the autumn and winter seasons, which again ideally should burden the herds and not the single crop models. Further studies are needed to show whether this is linked with special types of feeding or stable systems in the dairy production.
Any detailed partition of the diesel not accounted for will have to await further research into these questions. However, for our purpose of modelling the consequences of different feeding and crop production strategies on dairy production energy utilization on farm level, it is less important whether some part of the diesel is used rather for the handling of roughage than for the field operations.
Sensitivity analysis of energy expensive processes
Irrigation
It is not possible to define the exact yield response per millimetre water irrigated in this study. However, assuming a linear dependency between irrigation quantity and yield for each production system on sandy soils, we can calculate the marginal energy price for the difference between irrigated and non-irrigated sandy soils for both systems (Table 6) .
Irrigating the grass fields with 133 mm water gives a marginal energy price which is much higher than the average energy price for both production systems on sandy soils. For grain irrigated with 45 mm, the marginal energy price is lower than the average energy price in the conventional system, whereas this is not the case in the organic system as discussed already. This indicates that by increasing the irrigation quantity on spring-sown grain and decreasing the irrigation quantity on clover-grass fields, the total energy utilization can be improved.
Fertilizing
Since fertilization accounts for a large part of conventional energy costs, the effect of a hypothetical reduction in fertilizer levels on the energy productivity is tested. It is not possible to define the exact yield response per kilogram nitrogen in the conventional crop yield models (Halberg and Kristensen, in press) , therefore a precise marginal energy price cannot be calculated. However, under the assumption of unreduced yield, it is calculated which level of fertilizer will give the same average conventional energy price as the organic (Table 7) . Hased on the latest developments in advisory service fertilisation recommendations, the simulations leave out P and K fertilizer in springsown grain and fodder beets because of the large input of manure in these crops.
From Table 7 it appears that the same average energy price in conventional as in organic spring-sown grain theoretically can be reached by eliminating the mineral P and K and 16 and 36 kg N ha-' from the conventional input list for sandy and clay soils, respectively. The same calculation applied to ,winter grains but without changing P and K levels shows that the supply has to be decreased by 7.5 and 75 kgN ha-i, respectively, on the conventional irrigating sandy and clay soil crops to equal the organic energy price of 2.4'7 and 1.56 MJ kg-' grain. To decrease conventional fodder beets and grass-clover energy price to the levels at organic production will imply reductions of roughly 45 and loo%, respectively, in fertilizer input with no yield reduction. These relatively high reductions in fertilizer input in the fodder crops probably violate the assumption of unchanged yields, making even further input reductions necessary to reach the organic energy price levels, if that should be a goal. The relatively low yield differences in spite of large input differences between organic and conventional fodder crops indicate a low nitrogen fertilizer response, which might be due to the higher clover content in organic grass-clover crops (Halberg and Kristensen, in press ) and a higher utilization of nitrogen mineralized from soil and manure in the organic fodder beets (Halberg et al., 1995) .
For the conventional clay soil grain crops to equal the energy price of organic crops, they will need a roughly 45% fertilizer reduction, which probably also will decrease yields. The smallest fertilizer changes necessary to equal the energy price in the two systems are found for irrigated grain crops on sandy soils, reflecting the higher yield differences found in these soils.
The fertilizer levels vary between the studied farms but are not on average different from normal practice on Danish dairy farms, and the average 93 kg N ha-' spring-sown grain used in the models probably more than secures most of these crops against lack of nitrogen (Halberg et al., 1995) .The difference in organic and conventional grain crop energy price on irrigated sandy soils is, according to our models, a question of only 16 versus 7.5 kg N ha-r (Table 7) . Therefore, conventional farms with a lower energy price on irrigated crops compared with organic grain crops might well exist. The same is not likely for clay soil grain crops, given the larger difference in energy productivity. Even if conventional yields will decrease slightly with a small decrease in N input, a higher energy price in grain crops may be reached at an intermediate level between organic and the present conventional system, especially on irrigated soils. Halberg and Kristensen (in press) found that the organic<onventional yield difference in spring-sown grain is lower than expected from Danish experimentally derived fertilizer and pesticide yield responses. It is suggested that the main reasons for that are higher N mineralization on organic soils due to larger grass clover area in crop rotation, increased utilization of mineralized N from soil and manure in organic crops, and interactions between N supply levels and crop yield losses from plant pests. It shall be noted that the organic grain crops benefit from a systematically larger proportion of grass-clover in the rotation, which is why neither the N response curve nor the maximum on a (theoretical) energy price curve can be calculated by interpolation in the crop-level models. This again underlines the importance of starting from the farm level in this type of analysis.
The matter oj-feeding strategy An organic feeding strategy is not necessarily energy efficient. Grass pellets is a widespread fodder both in organic and conventional dairy production. It is a flexible winter fodder--easy to store and handle. However, substituting 500 SFU grain with 500 SFU grass pellets raises the energy price in organic milk production from 2.16 to about 2.92MJ kg-' 'milk units'. So, with a substitution for 7% of the feeding ration, the total energy saved by farming organically is lost, when compared with the same feeding ration but based on conventional crop production.
Transport
Another interesting point is the matter of transport. The energy use differs according to transport medium, type of product and origin of the product. For soy beans shipped about 10 000 km from the USA, the transport covers 20% of the total energy use. For fluid ammonium (NH3) shipped about 500 km from Norway, the transport covers 3%, whereas the transport part for rapeskakes produced in Denmark and transported 75 km using a trailer is about 11%. The less concentrated the product (the higher the content of water) and the longer the distances, the more the transport matters.
Land use
Improvements in energy utilization are to some extent substituted by a higher consumption of land. In our models, a relatively high energy price was followed by a relatively good land use ratio and vice versa. The most efficient method to save energy, however, is to produce pure plant products regardless of the type of production system. Suppose we convert from mixed dairy production to pure crop production regardless of the type of production system, and with the same total production of feed units for human nutrition. This will reduce the energy consumption to 15-20% and reduce the consumption of land to 3540% of the original mixed production of milk, meat and crops. Therefore, a balancing is necessary in a total evaluation of the performance of resource utilization of different production systems.
Perspectives
Energy utilization in crop and milk production depends on farmers' decisions concerning use of inputs and their effects on output. Therefore, this is partly a question of management. The models are designed for use by scientists, advisors and farmers to evaluate the energy-related consequences of different production strategies. It might be interesting for some farmers to evaluate the possibilities for lowering the energy prices in their crop and milk production. The organic crops might be feasible fix points for such an evaluation of possible yields and energy prices with low fertilizer input. In particular, for the grass-clover crops it would be possible for conventional farmers to mimic the low input system, increasing the overall energy productivity for the farm. Changing feeding strategy and using the organic diversified feeding ration is a proper alternative for farmers to improve their energy utilization in conventional dairy production.
Inside each production system there might also be ways of improving energy productivity. The irrigation strategy on sandy soils could be changed to irrigate less on clover-grass/lucerne crops and rely more on the compensatory growth of grass. There are also possibilities for reducing harvest energy use on grass-clover, leaving more of the crop for grazing. Also, within crop rotation, changes to grow crops with high energy productivity could be adopted (e.g. substituting whole crop silage with clover-grass). Of course, these questions cannot be evaluated from the crop rotation level alone, as they influence and are influenced by the feeding strategy of the herd. From the herd point of view, there is a contradiction between the idea of reducing clover-grass irrigation-thus, accepting a more unpredictable and less stable grass production-and the idea of saving harvesting energy by increasing the grass uptake from grazing. From a farm perspective, reducing the feeding intensivity improves the energy utilization in dairy production, leaving a greater quantity of plant products for sale, thereby improving the energy utilization for the farm as a whole.
Another reason why changes in crop production should be evaluated at the farm level is that lower yields per hectare might have to be compensated for by less cash crop production or by increased feed purchases. This again might have consequences for milk or meat energy cost. Take for example a conventional dairy farmer who, as suggested already, converts to 'organic' white-clover-based clover-grass fields and hereby increases grass energy productivity 100% while accepting 15% lower yields per hectare. If the farmer will not accept any reductions in milk production per hectare, he/she might start to purchase dried grass pellets (with an energy cost of 10-20 MJ SFU') in amounts that partly counterbalance the saved energy from the reduced fertilization.
It is, therefore, the intention that the crop and milk models be used as part of a farm-level model to facilitate simulation by researchers and advisors of the energetic consequences of different production strategies.
Still, drastic action such as moving to more fertile land (i.e. clay soil) would tend to improve the energy utilization even more than converting to organic production methods on sandy soils (Fig. 3) . This is not the case for clover-grass crops where the energy price is much lower in the organic production system than even in conventional clay soil crops, since clover-grass covers on average 40% of the rotation area on organic farms.
However, a much more efficient method to save energy than changing from a conventional dairy production system to an organic one is to produce pure plant products, thereby avoiding the low efficiency (540%) with which an animal converts its food into biomass (Hall et al., 1992) . This is a drastic, perhaps unrealistic, action which needs more research and investigation.
As pointed out by Spedding and Walsingham (1975) , Pimentel (1980) , Hall et al. (1992) , Pimentel (1993) and Giampietro et al. (1994) , the measures for energy utilization are excellent parameters for evaluating production intensity because energy is a necessary input for every production process. This has been confirmed in our data where the organic system had fewer and lower quantities of energy input but also lower output. Thus, as an example of the 'alteration of patterns of energy flows' mentioned in Giampietro et al. (1994) , one might think of organic farming as a systematic replacement of fossil fuel in N fertilizer production with solar-driven N fixation in legumes.
CONCLUSION
Most organic crop models show an energy price lower than or equal to that of conventional crops. Thus, lowering input intensity does not generally seem to have negative impacts on crop level energy utilization. Fertilizer sensitivity analysis indicates that the lowest energy price in grain crops would be found at moderate fertilizer levels (especially on irrigated sand). Still, organic fodder crops show clearly lower energy prices than conventional crops. The prices for organic production as a proportion of the conventional production are from 32 to 59% for clover-grass and from 84 to 91% for fodder beets, primarily because the high fertilizer energy cost of conventional crops is not compensated for by correspondingly higher yields. Since grass-clover comprise on average 40% of the total rotation area on the studied organic farms, the average energy cost per organically produced SFU was lower than for the conventional fodder.
Using a diversified organic feeding ration with a lower intensivity and thereby lower yields than the conventional one results in a better energy utilization. A composition with the organic feeding strategy has 30% greater quantities of 'cheap' clover-grass and 50% smaller quantities of 'expensive' purchased feed than the conventional one. However, the more energy efficient feeding strategy in organic production is dependent on the costs in the crop production. Using the organic feeding strategy but based on conventional crop production can improve the conventional production. Conversely, substituting 7% of the feeding ration of grain with 'expensive' grass pellets raises the energy price with 34%, thereby making the organic feeding strategy based on conventional crop production even more favorable.
An average of 47% more diesel was used than predicted from standard values. This large CF suggests that evaluations of crop production based on standard values alone underestimate energy prices. Modelling based on a combination of experimentally derived standards and collected data from private farms, broken down to enterprise level, seems an interesting approach to study the effect of different production intensities on energy utilization. This methodology also permits the researcher to identify limits and rules in the subsystem imposed by the overall farming system level. For example, the different amounts and partition of manure between crops in the two systems and the larger percentage of the most energy efficient crop, clover-grass, in the organic crop rotations compared with conventional rotations.
The crop and milk models are used to form farm-level models for the simulation of the overall effect of different production intensities on milk energy price considering interactions between fodder production, feed purchases and milk production. Though the models presented apply to a limited number of farms and to specific years, the standardization of energy use and yields allow for generalizing the results to other mixed dairy farms if one corrects for potential yields and the use of manure, race and stable type. 
